This paper deals with the tensile strength and strain behavior of agglomerates. For moist agglomerates the tensile strength in the whole region of liquid saturation maybe described. The theory agrees well with the experimental results. For agglomerates bound together by liquid bridges, a model which reproduces the force-displacement behavior of agglomerates under unidirectional loading is proposed. The validity of this model is demonstrated with the help of a specially developed apparatus which enables the strain for a given force to be measured. The theoretically and experimentally determined stable and unstable regions of the stress-strain curves of the agglomerates are discussed.
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Introduction
Strength is one of the most important attributes of an agglomerate. We regard strength as including all properties expressing the resistance of the agglomerate to possible external forces acting upon it. Since there are many different number of ways in which external forces can act on an agglomerate, strength is not a tightly defined concept. Attempts are therefore made to simulate, by suitable test methods, the forces which actually occur. From these methods, which measure for instance the resistance to impact, that the adhesion does not systematically depend on the orientation and position of the particles. Equation (2) is obtained for spheres of diameter x. A knowledge of the adhesion force F between the particles is also necessary for the calculation of at. The adhesion force was calculated for a model liquid bridge between two equally large spheres as a function of the distance between the spheres, the size of the liquid bridge and the wetting conditions5j. Since an analytical solution cannot be given, the results of numerical computations are presented in the form of graphs.
The results, which do not concern us here, will be published shortly. In the capillary state the agglomerate is kept together by the negative capillary pressure. When the voids are completely filled by liquid (liquid saturation S=l) the capillary pressure is initially zero. It rises strongly as the agglomerate is increasingly drained when the largest pore channels are exposed first. In this region the tensile strength at is, according to Eq. (3) in Fig. 1 , equal to the product of the capillary pressure pc and the liquid saturation S, because only the liquid-filled part can contribute to the strength. 
for spheres:
Sp=7Tx2; ek =7r pc : capillary pressure One great difficulty in measuring the tensile strength is the transmission of the force to the agglomerate in such a way that a uniform state of tension results. Three methods, shown in Fig. 2 , were developed for this purpose. The adhesive method can only be used for agglomerates which are sufficiently strong for the two end faces of a cylindrical specimen to be glued to whole of the agglomerate can be measured. In the wall adhesion method the agglomerate is prepared and exposed to a tensile force in a cylindrical barrel with a split interior pin. The tensile force in the fracture cross-section is transmitted through the end faces, the side walls and the interior pin. Strictly speaking the resultant stress state is not uniform, but if the agglomerate is sufficiently plastic, it can adjust so as to become uniform. That is why this method may be used for moist aggregates with a greater strain at failure than dry ones. The traction table method is suitable for the measurement of very small tensile strengths which can no longer be measured by the other two methods. This method was first used by Tideswell and Tollyfield (unpublished), but it requires very great precision which is not always managed. We therefore developed a special apparatus6\
The material is applied to one fixed and two horizontally movable plates and subjected to tension as shown in Fig. 2 until it fractures. This allows two measurementsto be taken with one preparation. The state of tensile stress generated in the separation face in tension is not uniform but depends on the height of the bed h with the greatest tensile stress forming immediately above the separation joint of the traction Fig. 3 shows the dependence of the measured and the calculated, dimensionless tensile strength°t ' xIt (t=surface tension of the liquid) of an agglomerate of glass spheres with x=253 /urn diameter, on the porosity function (1-e)/e. Water filled 25% of the void space, forming liquid bridges whose adhesion force F was calculated for touching spheres (distance a=0) and a contact angle <5=3O°dz5°. The contact angle was measured with the indicated accuracy by a method we had developed7\ The tensile strength can then be calculated with Eq. (2) Fig. 1 (solid arid broken lines in Fig. 3 ). The plotted points
give mean values of the measurements and the associated vertical bars show the confidence limits for 95% probability.
The calculations and the test results agree within the limits of accuracy of contact angle measurements.
Whenthe liquid saturation of an agglomerate is varied, the relationships shown in Fig. 4 Fig. 4 the funicular state is fixed by 0.3<S<0.8. On the assumption that both the bridges and the liquidfilled regions contribute completely to the strength, the solid curve (a) is obtained. If it is, however, assumed that either the liquid bridges alone or the liquid-filled regions alone bear the load, the lower, dotted curve (b) is obtained for the tensile strength. From the results marked with crosses (drained sample) it can be taken that the two bonding mechanisms are at least partially superimposed. More precise information on the extent of superposition is only obtainable from the strain behavior of the agglomerate. This will be dealt with in the next section. Curves (a) and (b) are therefore limiting curves between which the tensile strength maybe expected to lie.
In Fig. 4 tensile strength values are also plotted as circles. They refer to agglomerates with imbibed liquid, which are much weaker in the funicular state than drained agglomerates. The reason for this is a capillary pressure hysteresis which may be explained by the existence of pores and pore constrictions. Since the capillary pressure of a bulk material is much less when it has imbibed liquid than when it has been drained, the tensile strengths, according to the theory, must also become smaller.
It may be mentioned that these problems have some 
Strain Behavior of Moist Agglomerates
Let us first consider only the pendular state, and let us here single out the strain behavior of a liquid bridge between two spheres of equal size. Figure 5 shows the calculated curve for the dimensionless force of adhesion FH=F/y-x as a function of the distance ratio ajx for complete wetting (contact angle 5=0, y=surface tension of the liquid, x=sphere diameter, #=distance between the two spheres). The parameter is the bridge volume <p with reference to the volume of the two spheres. It will be seen that the adhesion drops with an increase in the distance a between the spheres. The greatest adhesion exists for a-+0
If, in the case of an equilibrium, no external force acts on the spheres, the adhesion causes a deformation at the point of contact of the spheres, and this sets up a repulsion. This is shown diagrammatically in Without any external force the force of adhesion (1 is as large as the force of repulsion (2) . The separating force (1+2) as the sum of the forces of adhesion and repulsion is therefore zero. Let us make the simplifying assumption that the deformation is purely elastic. Whenthe system is strained by an external force, the elastic deformation of the spheres, and therefore the repulsion force, decreases uniformly at all points of contact. The separating force (=external force) has a maximumat the strain dljl, because here the repulsion disappears. If the strain continues, the system becomes unstable because the force decreases as the displacement rises. This means that only the weakest liquid bridge continues to be strained while deformations, and therefore repulsive forces, arise at the remaining points of contact. These arguments can be used to calculate the forcestrain curve (curve 1+2) for the present model by means of Hertz' equation for calculating the repulsion and the theoretically determined adhesion of the liquid bridge. These calculations will not be described in detail in this paper; it is merely intended to show that this simple model also applies to complex agglomerates. On account of the unstable force-strain relationship it is necessary, for the complete force-displacement measurement of agglomerates, to predetermine the strain and to measurethe force. This requires a very rigid test rig.
As an example of the measurements, Fig. 7 shows the strain behaviour of a limestone pellet with the following, experimentally determined properties: average particle size x=12.5 fim, 5=0.13, s==0A9, height of pellet /z=13.3 mm, diameter of pellet d= 30mm,strain at failure Al=%/urn. The force per unit cross-sectional area of the pellet has been plotted against the strain. Both the calculated and the measured curve are shown. Fromthe condition that the tensile strength is reached when the curve has a maximum,a distance ratio a/x=0.\4 is calculated as the adjustment factor. From the requirement that the assumed elastic deformation of the particles is finished when the strain at failure (=strain at tfmax) is reached, an estimated meanradius of curvature of r=0A5 /urn at the contact points was obtained from Hertz' equation and the force-strain curve was calculated up to the point where the maximumapplied force is reached (broken line).
For a continuing strain, calculated lines are plotted for the case where all liquid bridges are uniformly strained (-à"-) and
for the case where only adjacent bridges in the weakest cross-section are strained (-à"-). The curve shows that the pellets are not uniformly strained throughout the height, but that only the later fracture cross-section is pulled apart over a narrow range. This demonstrates that the described model of a chain of vertical spheres can in principle be applied to the present case. The difference between the measured and the calculated line for the strain of only a single bridge along the height of the pellet can be explained from Fig. 8 . Contrary to the assumption made for the calculation, the particles are not spherical, so that it is conceivable that the liquid bridges can slip along the particle. With the aid of force strain measurements of moist agglomerates with different moisture contents, the extent to which the bonding mechanisms are superimposed in the funicular state can now be stated. These tests, which have to be made with well-defined aggregates with imbibed liquid or after draining, have not yet been concluded, so that a report on the strength theory of the funicular state has still to be developed and must be deferred to a later date.
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